Purpose Although limited data exist on the efficacy and potential risk of synergistic aminoglycoside therapy for persistent Staphylococcus aureus bacteremia and endocarditis, aminoglycosides are frequently used in clinical practice. Methods As our study population, we included subjects fulfilling the modified Duke criteria for S. aureus endocarditis and/or having greater than 72 h of S. aureus bacteremia. Among these subjects, we compared patients who did and did not receive aminoglycoside therapy for their S. aureus bloodstream infection. These groups were compared for the primary outcome of recurrent bacteremia, as well as for the duration of bacteremia, mortality, complication rate, and incident renal failure. Results Eighty-seven subjects fulfilled the inclusion criteria. Of these, 49 received aminoglycoside therapy, whereas 38 did not. There were no significant differences in the baseline characteristics when comparing groups who did or did not receive aminoglycoside therapy. Four Conclusions The use of combination therapy with an aminoglycoside in persistent S. aureus bacteremia and/or endocarditis may be associated with a lower rate of recurrent bacteremia without significant differences in the incident renal failure.
did and did not receive aminoglycoside therapy for their S. aureus bloodstream infection. These groups were compared for the primary outcome of recurrent bacteremia, as well as for the duration of bacteremia, mortality, complication rate, and incident renal failure. Results Eighty-seven subjects fulfilled the inclusion criteria. Of these, 49 received aminoglycoside therapy, whereas 38 did not. There were no significant differences in the baseline characteristics when comparing groups who did or did not receive aminoglycoside therapy. Four (8.2%) subjects treated with aminoglycoside therapy experienced recurrent bacteremia versus nine (23.7%) who did not receive aminoglycoside therapy [relative risk and 95% confidence interval [RR (95%CI)] = 0.51 (0.22-1.17), p = 0.04]. In multivariable analyses, aminoglycoside use remained significantly associated with a decrease in recurrent bacteremia [adjusted odds ratio (OR) (95%CI) = 0.26 (0.07-0.98), p = 0.046]. No significant differences were seen between groups treated with and without an aminoglycoside in terms of the 6-month all-cause mortality (51.0 vs. 42.1%, p = 0.41), complication rate (71.4 vs. 73.7%, p = 0.82), or incident renal failure (54.5 vs. 46.9%, p = 0.54). Conclusions The use of combination therapy with an aminoglycoside in persistent S. aureus bacteremia and/or endocarditis may be associated with a lower rate of recurrent bacteremia without significant differences in the incident renal failure.
Background
Persistent Staphylococcus aureus bacteremia and endocarditis has a high morbidity and mortality. Mortality rates of S. aureus endocarditis have been cited to range from 26% to more than 70% [1, 2] . Despite the increasing incidence of S. aureus bacteremia and infective endocarditis, with S. aureus now the leading cause of infective endocarditis in many areas worldwide [3] [4] [5] , optimal therapeutic regimens have not been well defined. Combination therapy with an aminoglycoside is frequently used in clinical practice for the treatment of persistent S. aureus bacteremia and endocarditis, despite limited data to support its use [6] . In vitro experimental models of S. aureus endocarditis have shown synergy with the use of combination therapy including a glycopeptide or b-lactam with an aminoglycoside [2, 7, 8] . Animal models of endocarditis have also shown that combination therapy including an aminoglycoside has increased bactericidal activity compared with monotherapy, with a reduction in bacterial density within vegetations and an increased rate of vegetation sterilization [9, 10] .
Clinical studies have not shown overall improved clinical outcomes or mortality, however, with the addition of an aminoglycoside to standard monotherapy [11] [12] [13] . The use of combination therapy has been most studied in the subgroup of S. aureus endocarditis in intravenous drug users (IVDU). The only, to our knowledge, prospective randomized study of synergistic aminoglycoside therapy in both IVDU and non-IVDU populations with endocarditis showed only a shorter duration of bacteremia with combination therapy, but no difference in the mortality or cure rates [14] . It is based on this study that many experts recommend the use of a cell wall-active agent with an aminoglycoside for the first 3-5 days of therapy to possibly decrease the duration of bacteremia [6] . In this study, we aimed to determine if combination therapy with an aminoglycoside is associated with a reduction in recurrent bacteremia.
Methods
A retrospective cohort study was performed at the Philadelphia Veterans Affairs Medical Center (PVAMC). The study was approved by the institutional review board (IRB) at the PVAMC. Microbiologic records were used to identify all patients with a positive blood culture for S. aureus from January 1997 to December 2007. Patient records were then examined using the PVAMC Computerized Patient Record System (CPRS) to determine if they met the inclusion criteria.
Subjects were included in the study if they: (1) had sustained bacteremia with blood cultures positive for S. aureus for C72 h (positive blood cultures on a minimum of two separate dates at least 72 h apart) and/or (2) met modified Duke criteria for the diagnosis of definite S. aureus infective endocarditis [15] . In order to determine the efficacy of aminoglycoside therapy specifically on patients treated only after a diagnosis of persistent bacteremia was made, patients with C72 h of bacteremia (but without the diagnosis of definite infective endocarditis) treated with any aminoglycoside therapy in the first 72 h of bacteremia were excluded from the study. Any subject meeting the inclusion criteria treated with C1 dose of an aminoglycoside was considered to be in the aminoglycoside-exposed cohort; subjects were considered to be unexposed if they received no aminoglycoside therapy.
Clinical data collected for the study included demographic data (age, sex, and race), presence of co-morbid conditions [ [17] , treatment of S. aureus bacteremia (use, dose, and duration of any antistaphylococcal antibiotic), presence of an indwelling central venous catheter at the initial onset of bacteremia and date of removal, and any intensive care unit (ICU) admission during bacteremia.
The primary outcome for the study was the incidence of recurrent (either relapse or re-infection) S. aureus bacteremia, defined as the return of S. aureus bacteremia (any positive blood culture) after: (1) the documentation of negative blood cultures, but without a positive blood culture in the 96 h preceding the new positive blood culture (to avoid labeling patients with sustained bacteremia who have transient negative blood cultures as a recurrence) and/or (2) clinical improvement after completing a course of an antistaphylococcal antibiotic. This definition of recurrence is based on previous studies [18, 19] . Any recurrent bacteremia within 6 months of the initial bacteremia was included.
Secondary outcomes for the study included: the total duration of bacteremia (defined as the total number of days of positive blood cultures), 6-month all-cause mortality, incidence of complications of persistent bacteremia or infective endocarditis, and incident renal failure in the 6 months following the initial bacteremia (defined as an increase in the serum creatinine C2 times the baseline value, GFR loss of greater than 50% of the baseline based on the Cockcroft-Gault equation measurement, or requiring dialysis). Complications evaluated included stroke, septic pulmonary emboli, major arterial or other emboli phenomenon, septic arthritis, osteomyelitis, epidural abscess, pyomyositis or muscle abscess, septic thrombophlebitis, visceral abscess, and infection of the dialysis graft or fistula.
The baseline characteristics of the study subjects were compared using a Chi-square test for dichotomous variables and a Mann-Whitney U-test for non-parametric continuous variables. Bivariable analyses were conducted to determine the association between the primary exposure of interest (i.e., aminoglycoside therapy) and the primary and secondary outcomes (i.e., recurrent bacteremia). All tests were two-sided, and a p value of B0.05 was considered to be statistically significant. Potential confounding variables were evaluated in the same way. A relative risk (RR) and 95% confidence interval (CI) were calculated to evaluate both the strength of any association, as well as the precision of the estimate of the effect. Adjusted odds ratios (OR) were calculated using multiple logistic regression analysis with recurrent bacteremia as the dependent outcome [20] . In addition to the primary exposure of interest (i.e., aminoglycoside therapy), variables were considered for inclusion in a multivariable model if they were found to be associated with recurrent bacteremia on bivariable analysis (p value B0.20) or if they were involved in confounding on stratified analysis [21] . These variables remained in the final multivariable model if their inclusion in the model resulted in a C15% change in the effect size of the primary association of interest (i.e., the association between aminoglycoside therapy and recurrence) [22, 23] .
Results
A total of 506 episodes of S. aureus bacteremia were evaluated from January 1997 through December 2007. Eighty-seven subjects fulfilled the inclusion criteria and were included in the study (Fig. 1) by endocarditis (51%) and persistent bacteremia (68%). Sixteen patients (18%) had both endocarditis and persistent bacteremia. The baseline clinical characteristics of the study patients are described in Table 1 . There was no statistically significant difference in any of the baseline clinical characteristics between the group receiving combination aminoglycoside therapy and the group who did not. Subjects were treated with a variety of non-aminoglycoside antimicrobials; most commonly, an antistaphylococcal beta-lactam and/or vancomycin were prescribed. The overall median duration of beta-lactam antimicrobial therapy was 19 days (range 1-377 days) and the median duration of vancomycin therapy was 16 days (range 1-68 days). The median durations of therapy for beta-lactams and vancomycin included patients who received any amount of either therapy, even if this was not given for the entire duration of treatment. The aminoglycosides prescribed in the study were either gentamicin or tobramycin; the median duration of aminoglycoside therapy was 5 days (range 1-40 days). Of the 87 S. aureus isolates, four were resistant to aminoglycosides. One subject in the aminoglycoside-treated group had an aminoglycoside-resistant isolate.
The median overall duration of bacteremia was 5 days (range 1-41 days), with no significant difference between the groups treated with and without an aminoglycoside (median 5 days for both groups, p = 0.49). In assessing the duration of bacteremia, 50 (57%) patients had at least one negative blood culture within 48 h of the last positive blood culture. Among all 87 subjects, 13 experienced the primary outcome of recurrent bacteremia. Significantly fewer patients in the group treated with an aminoglycoside experienced recurrence, 4 (8.2%), compared to the group not receiving an aminoglycoside, 9 (23.7%) [RR (95%CI) = 0.51 (0.22-1.17), p = 0.04]. The median time to recurrent bacteremia was 53 days (range 2-185 days) and the median duration of initial bacteremia in those patients who developed recurrence was 7 days (range 1-15 days). Eleven (85%) of the patients experiencing recurrence had an MRSA isolate. The characteristics in Table 1 were used in the multivariable model to evaluate factors associated with recurrence. In the final multivariable model, aminoglycoside use remained significantly associated with a decrease in recurrence [adjusted OR (95%CI) = 0.26 (0.07-0.98), p = 0.046] ( Table 2 ). In addition, methicillin resistance in the S. aureus isolates was associated with recurrence ( 
Discussion
In this study, with a primary outcome of recurrent bacteremia, significantly fewer patients treated with combination aminoglycoside therapy experienced recurrence compared to those who did not receive an aminoglycoside. Aminoglycoside use remained significantly associated with decreased recurrence after controlling for important confounders. For the other secondary efficacy endpoints, no statistically significant difference was observed in the overall duration of bacteremia, 6-month all-cause mortality, or complication rate between those who received and those who did not receive an aminoglycoside. There was also no difference between the groups in terms of incident renal failure as a measure of nephrotoxicity.
We chose to evaluate recurrent bacteremia as the primary outcome related to the efficacy of combination aminoglycoside therapy given that recurrence is common in patients with S. aureus bacteremia, with rates ranging from 5 to 23% [18, 19, [24] [25] [26] [27] [28] [29] . Recurrent bacteremia is associated with significant morbidity and, potentially, higher mortality, and patients such as our study population with persistent S. aureus bacteremia and/or endocarditis are at higher risk for recurrence [19] . In the current study, we noted a significantly lower rate of recurrent bacteremia in the cohort of patients treated with aminoglycoside therapy. This finding demonstrates a potential role for the use of synergistic aminoglycoside therapy in this select group of patients who are at particularly high risk for recurrence. Korzeniowski et al. [14] previously noted in a randomized study, a decreased duration of bacteremia with the use of combination aminoglycoside therapy for S. aureus endocarditis in IVDUs and non-IVDUs. In our study, however, we did not find a significant difference in the duration of bacteremia between the groups treated with and without an aminoglycoside. Our study was unable to fully assess the impact of aminoglycoside therapy on the initial duration of bacteremia due to the inclusion of patients with C72 h of bacteremia as part of our inclusion criteria, therefore, making our study population inherently different than that of Korzeniowski et al.'s cohort.
Consistent with other studies [1, 2, 30] , our patient population with persistent S. aureus bacteremia and endocarditis had a high overall mortality, with a 6-month all-cause mortality of 47.1%. There was no significant difference in the mortality between the cohorts; however, the study's small sample size may have precluded the ability to distinguish a significant difference. Our results, though, were similar to other studies that have not shown an improved mortality with the use of combination aminoglycoside therapy [11] [12] [13] [14] . Similarly, there was no significant difference in the complication rate between the groups, but the overall rate of patients experiencing at least one complication was quite high at 72.4%. Interestingly, the overall rate of incident renal failure was higher than expected at 50.8% compared with a prior study by Conlon et al. [31] , in which one-third of patients with definite bacterial endocarditis developed acute renal failure. However, we found no statistically significant difference in the incident renal failure between those treated with aminoglycoside therapy and those who did not receive an aminoglycoside. This is in contrast to a study by Cosgrove et al. [32] demonstrating significantly higher nephrotoxicity in patients treated with initial low-dose gentamicin for S. aureus bacteremia and endocarditis versus those who did not. This suggests that aminoglycoside therapy as well as other factors, such as sepsis, metastatic infection to the kidney, and immune complex-mediated glomerulonephritis, are likely to be important in predicting renal dysfunction in this population with prolonged bacteremia or endocarditis.
There are several limitations to this study. First, the use of aminoglycoside therapy was at the discretion of the treating physician, raising the possibility of confounding by indication. Although we controlled for confounding using a multivariable logistic regression model, the potential for unmeasured confounding remains. Second, the definition of our primary outcome, recurrent S. aureus bacteremia within 6 months of the initial bacteremia, would encompass both relapse and re-infection. Our intent was to primarily include relapsed bacteremia, which would likely be related to therapy for initial bacteremia and its complications, rather than re-infection. In this study, we were unable to distinguish between relapse and re-infection, which may have led to the misclassification of some recurrences as being as being related to initial treatment when, in fact, they were re-infections unrelated to the initial bacteremia and its therapy. However, our a priori decision to define a recurrence within 6 months of the initial bacteremia was made to include relapses and fewer re-infections, and was based on prior data that relapse tends to occur much earlier after the completion of antibiotic therapy than re-infection (median 32 vs. 99 days) [19] . In addition, it is unlikely that misclassification would preferentially affect one cohort more than another. Lastly, the sample size of our study may have limited our ability to demonstrate differences in the 6-month mortality, complication rate, and incident renal failure.
Conclusions
In summary, combination aminoglycoside therapy may play a role in the treatment of patients with persistent Staphylococcus aureus bacteremia and/or infective endocarditis in the prevention of recurrent bacteremia. In this study, no significant additional nephrotoxicity was found with the use of aminoglycoside therapy, but the overall rates of incident renal failure in this population were high.
